
_ ___ 
— 

- __

I / AD_AO5l 019 CORNELL UNIV IT HACA N Y F/S 6/1 
N

INOUCTION OF MICROBIAL METABOLISM OF ORSANOPHOSPHORUS COMPOUNDS—ETC(U)
DCC 77 M ALEXANDER , A H COOK. C S DAUGHTON 0AAA15 76 C 0137

UNCLASSIFIED ARCSL CR—78013 Nt.
b c

ACM 019I ,

END

6—78



r u~~ — -
~~~~~

~I

~ri irfl TflA II ‘ ill. ‘
~~~I 1’

~~ IUdIUL~ IIU~I1 -~‘1~. AZ.
[~~Ey’/ O oo~ ]

RAC’IOR REPORT ~~~SL-cR-78Ol3

n wc’ric~ OF MICIOBIAL M~~~BOLI~ 4 OF O1~ AZ~)PIIJSP~~~ JS ~~ 4POUN1~©
FD~ L REPO~~

, ;  
‘ I  by

M. Alexander

H A. M. O~ok

C. G. 1~~ughtcri

Dec~ther 1977

,~
•

?
t9
I •

i.~
I . cDI~ EI.LL L1IEI~~IT~1‘ . u Jf  . Ithaca, New York 14853_ U..

~~~~C D

ccntract No. DMA15—76-C—0137

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

N Approved for public release; distrthitict~ unlimited 
D ~

I .  _MAY i~

B



i~~
i

Disclainer

The f iridi.ngs in this report are not to be ~~ 2strued as an of tid al
Departn~nt of the Army position unless so designated by other auticrized
docunents.

Disposition

Destroy this report when it is no longer needed. Do r x t  return it to
the originator.

/

If



SECURITY CLASSIFICATION OF THIS PAGE (WSi.n DMa ~~II.v~~~

REPORT DOCUMENTATION PAGE BEFORE
I. REPORT NUMBER 2. GOVT ACCESSION NO 3. RECIPICNrS_C~~~~~ Q~ HUNUR

— 
A1~ SL-cR-78O].3 S J~

__ e +. I
f ~~~TITLE (aid Sub gU.) -- (

~ 
y—r~ri st uP~~~Y~~~~~~~~

1
-7REo

~~~~~ 

OF 

6. PER~~~~~~NG ORG. REPORAER

S. CONTRACT OR GRAMT NUNSER(.)

~~~~~~~~~~~~~~~ C~9~37]t~

9. PERFORMING ORB TION NAM E AND ADDRESS 10. PROGRAM ELEMENT. PROJECT . TASK
AREA & WORK UNIT NUMB

Ithaca, NY 1485~
’ (j

~ 
l~~6llI~~711~)2 7

It .  CONTROLLING OFFICE NAM E AND ADDRESS /‘~~ ~I~ g~~~EPOftT I~&T

Director , thanical Syst~~~ Laboratory (J~ 4 De’~i 77
Attn: DEt~R—CL]—R iL—1~,11~~11 OF P~~GE5

Aberdeen Proving Ground, MD 21010 34 /p~ 
.29’

14. MONITORING AGENCY NAME S ADDREU(lf~~ff.,snt fra. ConfrollMg OWe.) 15. SECURITY CLASS. (0 )

Director , thEnical Syst~ ne Laboratory
Atth: DRJ~~R-CLB-CA U!~CLASSIFI~~
Aberdeen Proving Ground , MD 21010 ISa. DECLASSIFICATION/DOWNGRADINO

(CPO-Johnnie A].bjzo 671—3850) SCHEDULE NA

- . 
IC. DISTRIBUTION STATEMENT (of lbS. Report)

Approved for public release ; distribution unlimited

17. DISTRIBUTION STATEMENT (of lb. abMt.ct .ttor.d ln Block 20, II dIf t.r .nt f rom Report)

IS. SUPPLEMENTARY NOTES

IL KEY WORDS (C.nthw. on ever. . .ld. St n•c•• ary aid Id •ntSf y by block n i b r )

P-t bond cleavage Dihydrogen xnethy]phosphonate
Phosphonate degradation 0-Isopropyl hydrogen methylphosphonate
Psetx~ai~nas putida 0-Pinacolyl hydrogen inethyiphosphonate
Pse~~ca~nas testosteroni Dihydrogen (2-aminoethyl) phosphonate
Phosphonate analysis Phosphonatase

2~~ A~~ TRACT ( . —
~~~~~~ 

,,,er ai ~~~~ W nai..omy ai~ ldaittfr by block nomber)

~Bacthrial cleavage of the carbon-phosphor~~ bond was investigated. Bacteria
were isolated that were capable of growing with one or n~ re organophosphonates
as sole souroes of phosphorus. Cleavage of the C-P bond was shown tor Pse’.xio-
n~~ as putida growing with 2-aminoethy].phosphonate and for Pse~ñi~~nas testo-
steroni growing with isopropyl hydrogen n~ thy1phosphonate, pinaa lyl hydrogen
inethyiphosphonate or dihydrogen methyiphosphonate as sole phosphorus souroes.
Various metabolites were identified by gas chranatography and mass spectrt~tetr~

, ~~~~~~~ 
EDIT OIS OF 5 NOV 85 IS O SOS ETE u~cr~ssm’mx

stcumry CLASSI F~~~~~~~ JS~~~~ T)~~~~~AGE DMa iIor~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

5—.- - - -

S 

~~~~~SS~~IED
SECURITY CLASSIFICATION OF THIS PAGC(Wb D.ta Intor .d,1

‘
5 19. Keywords

Phosphonates
Alkyiphosphonates
Iscprcpanol

1 Pinacolyl alcohol
Alcohol analysis
~~thane

U

2 ~~~IASSIF~~~
SECURITY CLASSIFICATION OF THIS PAGE(WIiai , bat. Entered) 

-
~ _ _ _ _ _ _  _ _ _ _ _



_ _ _  — ---5--

The work described in this report was authorized by project rr061102h-
7]A02, Life Sciences Basic I~ searoh in Support of Material. It was perforited
under contract DAAA15-76-C-0137, Induction of Microbial Metaboliam of Organo-
phosphor~~ Ccm~ ounds. ~*brk was carried out fran Octcber 1976 to Septatter
1977. ________________________

5
- 

-

The use of trade n~nes in this report does not o~~stitute an official
endors~~ent or approval of the use of suc*~ cxin~ercial hardware or software.
This report may not be cited for purposes of advertisetient.

1~ production of this docunent in whole or in part is prohibited except
with permission of the Director , thenical Systane Laboratory, Atth: 11~flR -

S (L1-R, Aberdeen Proving Ground, Maryland 21010. }b~~ver, the Defense Docu-
nentation Center and the National Tecthnical Information Service are author-
ized to reproduce the docunent for United States goverrinent purposes .

~~~E S ~~~~~ T

W~to S~Ct.IoO

0% Buft $E~ 0I’ ~3

jusiW~~ rnl ._—

~St AVAIL a /u~ 
LCIM.

~~~L1
3

Si

___ 5 - 5  — 5- ~~~~~ - S 
~~
_-

~~~~
S J



- 5 -  —-5— - 5- 
- - ------ 5 .

• This investigation was conducted to obtain induoed bacterial isolates
capable of degrading alky]~phosphonates.

Bacteria able to use at least one of 13 ionic aiicylplx,ephonates or 0-
alicyl or 0,0-dialkyl alkyiphosphonates as phosphorus source ware iso1ate~fran sewage and soil. Four of these isolates used 2—anlnoethyiphosphonic
acid (AEP ) as a sole carbon , nitrogen, and phosphorus source. ~~ne of the
other phosphonates served as a carbon source for the organi~ us. One isolate ,
identified as Psendci~~nas putida, grew with AEP as its sole carbon, nitrogen,

-‘ 
and phosphorus source and released nearly all of the organic phosphorus as
orthophosphate and 72% of the AEP nitrogen as antoniun. This is the first S

d~~ zistration of utilization of a phosphonoalkyl nr iety as a sole carbon
source. Cell-free extracts of P. putida contained an inducible enzyme systøn
that required pyruvate and pyridoxal phosphate to release ortI~çhosphate fran
AEP; acetaldehyde was tentatively identified as a second product. Phosphite
inhibited the enzyme systan.

S Methane was produced in stoicthianetric yield fran the cleavage of the
C-P bond of xnethylphosphonates by Psenda~~nas testos teron i, an aerobic bac-
teriun utilizing methy]phosphonates as sole phosphorus sources . ThIs is the
first direct evidence of enzymatic cleavage of the C-P bond of sinple au-
phatic alkyiphosphcmates. A new mechanism for aerobic methane formation is
indicated.

O—Isoprcpyl hydrogen nethy].phosphonate (IMP ) and 0-pina colyl hydrogen
methylphosphonate (PNP ) in a~uaous solution were derivatized by extractive
nethylation using diazarethane and quanti fied by gas cthrun atography. Iso-
propanol , pinacolyl alcohol and methane ware quantified by gas chrcinatog-
ra phy.

Psendaronas testosteroni degraded PMP to yield pmnacolyl alcohol , which
was identified by cxmthined gas cthranatography—maas spectranetry. Isopropanol
was tentatively identified as a product of the metabolism of ]

~~~. It was con-
cloded that bacteria can be easily obtained fran sewage that are capable of
cleaving the carbon-phosphorus bond of ionic organophosphonates. Enrici-sients
for phosphonate-phosphorus-utilizing bacteria mist be designed considering a
maxinn.im phosphorus concentration of 0.1 irtI and a carbon to phosphorus milar
ratio of about 300:1. Psendatcnas putida grew with hydrogen 2-ammnoethyl- S

phosphonate as a sole carbon, nitrogen and phosphorus source , releasing ex-
cess phosphorus as orthcçhosphate. Pseix~ar~nas testosteroni cleaved the car-
bon-phosphorus bond of nethylphcsphonates with the conoanitant release of

• equiiI~ lar aicunts of nethane. Pinacolyl alcohol was also identified as a
netabolite of pinacolyl hydrogen nethylphosphonate.

It was recunended that futu re work on bacterial utilization of organo-
phosphonates as sole phosphorus sources trust consider the proper concentra-
tion of phosphonate to assure that the phosphorus is limiting, that the sub-
strate concentration is not toxic and that growth is not at the expense of
crzitaminating phosphate.

Analytical methods need to be iitproved for the detection of potential
phoephonate netabolites: alcohols , phosphonic acid and ionic aikylphospho-

5.

5 5

~ 

- —  5 - -  -~~~ --~~~~~~~~~~~ .‘5~~~~ -



_ _ _ _  S • -~~~—~~~~--~~~

mates. ~~~se methods will allow for the total delineation of the metabolic
pathway for phosphonates.

Purification of the methane-releasing phoephonatase and the alcohol
releasing esterase fran Psendar~nas testosteroni and ctharacterization of
their properties should be ininediately initiated to evaluate their poten-
tial as highly specific assays to distinguish GB acid (IMP) and (~) acid

~ MP) .

An investigation should be initiated to determine the feasibility of
using phosphonate-utilizing bacteria or the purified phosphonatase for de-

* toxication of phosphonate residues or the use of contiruxn~e culture for de-
militarization of nerve gases.

¶

6
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• i~wcrict~ OF MIc~~BIAL META3DLISM OF O~~ PI~ SP}~ K~ O~I4PcXJNDS

I • I 1 ’ R)~~X~TICE

The investigation of the bacterial metabolism of alkyiphosphonates concen-
trated on (a) the break&Mn products of sanan and sarin : ionic iscpropyl methyl-

- 

S phosplumte, I (O!~) 2CID] (Cl!3) P (0) Cl! (IMP) , ionic pinacolyl nethylphosphonate,
[ (Cl!3) 3CCH (013)01 (CH3)P(O)C~! (PMP ) and ionic nethyiphosphonath , 013~~

(
~~

) 2 (MP) ,
and (b) the naturall y occurring 2-aminoethyi~phosp honic acid (AEP) .

The study was initiated by conducting enridments for arid isolation of
bacteria fran soil and sewage that were able to utilize these phosphonates and
others as phosphorus sources . Subsegusnt work involved b~ of the original
isolates , now identified as strains of Pse~~~ IDnas putida and P. testosteroni.
P. putida was found to be capable of utilizing AEP as a sole source of C, N
and P. This trait allowed for a uDre definitive description of AEP netabolisin
than hitherto reported. This work is described in Part II of this report.

Anong the metabolic capabilities of P. testosteroni was the ability to
utilize MP , IMP arid PMP as sole sources 0? phosphorus. The investigation f 0-

cused on the metabolic fates of the phosphonyl methyl group (P-CR3) and on the
¶ alkoxy substituents. The results provide the first unequivocal identification

of methane as the netabolite fran the phosphonyl methyl noiety. This work is
- 

fully described in Part III of this report.

The alkoxy groups are probably r~n~ved by hydrolytic cleavage. Plnacolyl
alcohol has been positively ic~~ tified as a netabolite of PMP by cathined gas S

chranatography-mass spectrcinetry. Iscpz~~y1 alcohol was tentatively identified
as a netabolite of IMP .

The procedures for identification and quantification of these alcohols arid
for MP , IMP and PMP are described in the Appendix (Part IV) . Analysis for MP
will hopefully elucidate the order of resoval of the phos~tioncirethy1 and alkoxy
groups fran IMP arid PMP. The mechanism of the C-P bond cleavage is probably
hydrolytic or reductive. A reductive cleavage would yield phosphonic acid,
HP (0) (C*i)2, as the initial metabolite of MP , and a tentative procedure for the
analysis of phosphite is also given in the Appendix. Using these procedures
in the forthcaning period , we hope to fully describe the metabolism of MP , IMP
and PMP.

II. KEcItBIAL IZATI0~ OF P}DSP D~~ I~~

INT~)IXCTIC*1

Alkyiphosphonates, carpounds with a C-P bond, occur widely in nature
either free or canbined in lipids1, polysactharides2 , or proteins3. Many syn-
thetic organophosphonates are being added in large quantities to natural eco-
systene in the form of insecticides , herbicides , and flame retardants. The
potential fates of phosphonates are poorly understood. l~~iever, sane evidence
exists that ionic nonesterified alkylphosphonates may be persistent4 ’ 5.
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With certai n exceptions, th~ C-P bond is hi9hly resistant to thsmical hy-drolysis6, thermal decaiposition arid photolysis’; hence , biolugic~l cleavageof the C-P bond in natural h3bitatS assunes inportance to prevent the accunu-lation of phosQhonates. Cleavage of the C-P bond is apparently limited tomicroorga nisn&s ‘9 , sane of which use splx)nates solely as phosphorus sourcesor sanetines as nitrogen sources10’1. Evidence for cleavage of the C-P bondrarely has been obtained, but one phosphonatase (2-phosphcnoaoetaldthyde phos-phohydrolase EC 3.11. 1.1) has been desc~~bed in detaillJ- ,12 , and preliminaryevidence for another has been published”.

The present report is par t of a study of the potential for metabolism ofphosphonates in natural envircunents. Bacteria capable of using different
alkylphosp&ionates were isolated fran sewage and soil. By use of an organismable to uti lize 2-aminoethylphosphonic acid (AEP) as its sole source of car-bon , nitrogen, arid phosphorus, the cleavage in vivo of the C-P bond of this• widely occurring phosphonate has been d~~~nstrated.

MATERIALS AND M~~~CDS

Materials. Amincanethylphosphonic acid , l-aminoethylp hosphonjc acid , AEP ,
3-aminopropy1phosp~~ j c acid, l-aminobutylphosphonjc acid , alcohol dehydroge-nase (yeast) , and NAIl! were purchased fran Sigma Chan ical Co. , St. Louis , lb.2-Amino-3-phosphonopropionic acid , 2-amino-4-phosphonct,utyric acid , and Hopes[4- (2-hydro xyethyl) -l-piperaz ineethane sulfonic acid] were obtained fran Cal-
biochen, San Diego, Calif. Iscpropy]. nethylphosp hona te (Na salt) , pinacolyl
nethylphosphonate (Na salt) (60% pure ; the contaminants were inorganic ions,
trainly Na~ and F l, arid nethylphospho nic acid were obta ined fran Edgewood Ar-
senal , Aberdeen Proving Ground , ~~~. Aldrich Chenical Co. (Milwaukee, Wisc.)• pr ovided dinethyl methyiphosp hona te and diethyl vinylphosphonate. Diethyl
ethylphosphonate and diaflyl allyiphosphonate were fran Pfaltz and Ba~er,
Stamford , Conn. Fluram (fluorescami ne) was a product of Hof an-La1~ che,Nutley, N.J. Pyridoxal phosphate and dithiothreitol were fran Nutritional
Biochenicals Corp. , Clevelan d, Ohio. All other chenicals were of the high-
est purity available cximerciafly.

Glassware. Glassware was cleaned by steeping in water foll~~ed by a 12-
hr inixersion in 20% (v/v) HNO3. Nitri c acid was ratoved by thorough rinsingin tap followed by distilled water. Apparatus sensitive to acid and organic
solvents was rinsed thoroughly in distilled water. By these means , the resid-
ual phosphate level was reduced to a level that supported negligible growth
in cultures free of added phosphorus (turbidity of less than 0.01 at 500 rin) .

Madia and culture conditions. Unless otherwise indicated, media free of
inorganic phosphate were buffered with 50 nl’4 This (2-amino-2-hydroxynethylpro-
pane-l,3—diol) (pH 7.4) or 15 1*1 Hopes (pH 7.2) arid contained (per liter) : KC1,0.2 g; ~~S04 .7H20, 0.2 g; (NH4) 2S04, 0.5 g; ferric annoniijn Citrate, 1.0 ng;

• CaC12. ~j~20, 2.0 n~ ; and a carbon source. On occasion , the organic buffer andKC1 were repla~~d with 6 nt4 potassiixn orthcçhosphate buffer (pH 7.4) . Basal
media were autoclaved, after which a sterile solution containing the carbon S

source arid another containing the iron and calciun salts were a~ 1ed aseptically.
All phosphonates and carbon sources were sterilized by filtration through sterile
0.2 i.nn n~~nbrane filters. Cultures in tubes were closed with urethane foam plugs
and incubated at 30°C without agitation. Growth curves and kinetics of substrate
utilizati~~ were studied at 30°C in cultures aerated by magnetically driven stir-
ring bars . The cells were harvested by centrifugation at 20 ,000 X ~ at 4°C .

10
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Isolation of bacteria. Enricthnent cultures were used to obta in isolates
able to utilize a given phosphonate as a sole source of phosphorus and/or car-
bon. When provided as sole phosphorus sources , the pho~phonates were present
at 0.5 n~1, arid 0.3 g each of glucose, glycerol , and sodiun succinate per liter
were present at carbon sources . When serving as the potential carbon source,

S the phosphonates were present at 0. 025 g-atan carbon per liter. ¶L~~ enrich-
ment cultures (3.0 ml final volute) received 0.5 ml of sewage or about 0.2 g
of soil , and when growth greater than that in phosphonate-free solutions was
observed (usually 1 to 3 days) , the enrichment was subcultured into fresh
mediun. After three successive transfers, enrichments using phosphonates as
phosphorus sources were streaked on nutrient agar plates . Isolates that were
able to utilize phosphonates were subsequently recognized by their growth in
selective liquid media. Bacteria u~thig phosphonates as carbon sources were
picked fran plates containing 10 irM substrate in mineral agar.

Analytical methods. ~~rbidity was measured at 500 nm in 1 an cuvettes
in a Bausch and tomb spectrophotaneter , nodel Spectronic 88. Inorganic phos-
phate was assayed by the method of Dick and ~~bathbai15, and none of the phos-
phonates and neither of the organic buffers interfered. The assay of Weather- S

burn16 was used for axmonii.zn ion detej~ninations; Hopes did not interfer in this
method , but the iron source and AEP gave low absorbance values, which were sub-
tracted fran the assay values.

Protein was assayed as described by Kennedy and Fewson17. The protein was
separated fran the organic buffers by precipitation with 0.45 M trichloioacetic
acid (final concentration ) followed by centrifugation at 20, 000 X at 4°C.

S The precipitate was resuspended and washed with 0.45 M trich ioroacetic acid .

No specific assay exists for ~~p8 • The Fluram assay for ainines18 was un-
affected by annonium ion, but the standard curve fran 0 to 10 nnol AEP ran fran
50 ±10 to 70 ±10 fluorescence units. Consequently , AEP utilization could not
be measured accuratel y by this assay.

Preparation of cell-free extracts. Cells early in the stationa ry phase
were harvested and washed in extraction buffer12 , and the resulting pellet was
stored at -20°C. The thawed cell pellet was resuspended to about 5 mg/wet
weight /ml in extraction buffer, arid extracts were prepared by sonic disruption
at 4°C using the microtip of the ?t del W185D Cell Disru ptor (Heat Syst~ns-Ultra-
sonics , Inc. , Plainview , NY) at 70% pc~er in four 30-s periods each separated
with 30-s cooling periods . Debris and whole cells were ra oved by centrifuga-

• tion at 4o , 0 0 0X a f o r l5 min at 4°C.

Enzyme assay. The coupled reaction of AEP transamination and 2-phosphono -
acetaldehyde phosphohydrolase (E.C. 3. 11.1.1) was assayed at 30°C essentially

• 
- 

as descr ibed by La Nauze and ThDsenberg11. ¶11e crztplete reaction mixture con-
tained , in 3 ml: This buffer (pH 8. 5) 300 jinol; MgCl2, 15 jino l; ethylenediamine
tetraacetate (K salt) 1.5 j.mol; dithiothreitol , 1.5 ~mol; pyruvate, 15 ~no1;
pyridoxal phosphate , 1.5 iinol ; AEP , 15 1Jnol ; and protein , 0.2 to 0.8 n~~. At
intervals, 0.5 ml portions were treated with 0.1 ml of 3.0 M trichioroacetic
acid , the protein was reioved by centrifu gation , ar id a portion of the super-
natant fluid was analyzed for inorganic phosphate . 1~e reaction was linear
for at least 2 hr , and the rate was proportional to the anount of prote in
present.

11
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S Portions of the si.~ernatant fluid f’an the enzyme assays were tested forthe presence of aldehyde , presumably acetaldehyde, by the oxidation of ~~i~iin the pres ence of alcohol dehydrogenase. The snail quantity of trichloro-acetic acid in the sample did not affect the controls with authenti c acetal-
S dehyde as substrate for the enzyme.

Electron microsccs~y.~ Negative stains were prepared using suspensio ns in
S distilled water of ceP~~ grown on nutrient agar . The cells were st~ported onS Carbon-Fomnvax-coated copper grids and stained with an ag~~ous solution con-taining 10 nr~ of phosp hotungstic acid (pH adjusted to 7.4 with I~)H) and 50 ugbacitracin~Anl. The stained grids were observed in a Philips E~4-300 tr ansmis-sion electron microscope at 60 kv.

RESULTS AND DIS~ JSSION

Isolation of strains. Enrichment cultures able to use phosphonates asS sole phosp horus sources were readily obtai ned. ¶[~~ sewage samples each yield-
ed enrichj~~nts on all but one (diethy l vinylphosphonate) of the 13 phosphonatestested as phosphorus sources , whereas three soil samples yielded only enrich-
ments utilizing AEP . The only phosphonate used as a carbon source was AEP,and enrichments were obtained fran all soil and sewage samples.

Th deter mine the capacity of the isolates to use a variety of phosphonates
as phosphor us sources , the bacteria were first grown in media containing the¶ phosphonate on which they were isolated . ~~~se cultures were then used to
inoculate tubes containing 0.5 n1~ phosphonate, the glucose-glycerol-succjnate

- mixture as carbon source , and inorganic salts. Growth was measured turbidi-
metrical ly and ca~~ared to that in solutions receiving no suppl~ nental phos-phorus (controls) ; in the latter tubes , only sparse growth was evident , prob-
ably a result of sate transfer of phosphorus together with the inoculum. A
suiinaxy of a study to show the ability of 14 bacterial isolates to grow on a
variety of phosphonates is given in table 1. Each of the strains , except for
4 and 5, was isolated when the phosphonate was supplied as a phosphorus source.
All isolates used AEP as a phosphorus source , and except for strain 3, all were
able to use nore than one of the phosphonates. In general, the alkylphospho-
nates and 0-alkyl alkyiphosphonates appeared to serve as good phosphorus sources.because the extent of growth was similar to that with equinolar phosphate. By
catparing growth to that on equ~iirolar phosp hate , it appeared that the 0,0-di-
alkyl alkylphosphonates were incx~nplete1y attacked. Strains isolated on one
class of a]Jcyiphospho nates (e.g. , ionic nonesterified phosphonates) usually
had little activity on another class (e.g. , 0-alkyl phosp honates ).

Except for strains 3, 4 , 5 , and 8, each of which could use AEP as a car-
hon source , no isolate used any of the phosphonates as carbon sources . It is

• noteworthy that the presence of one phosphonate could inhibit or even abolIsh
growth on another phosphonate. For example, growth of strain 5 in a medi um
containing 5 nt4 AEP as a carbon source was abolished in the presence of equi-
nolar l-aminoethylphosphonic acid. A similar effect has been observed by
lacoste et al.1-9.

Strain 11, when grown in 0.1 nt4 phosphate or phosphonate arid excess quan-
tity of carbon source, gave a cell yield (by turbidinetric assay) equal to that
obtained in 10 irM gluconate and excess phosphate. This indicates that the car-
bon d~ nand is 600 tines the phosphorus dEnand. Phosphonate concentrations of

12



0.1 nt~ seen to be advantageous in enrichments for phosphonate-phosphorus uti-
S lizers because the levels are high enough to reduce the possibili ty of isolat-

ing organisme using phosphate contaminating the enrichment yet low a~~ugh to
S 

minimize toxicity effects .

Growth of P. putida with AEP as carbon, nitrogen and phosphor us source.
Strain 5 was chosen for further work , as it clirped less during growth than

S strains 3 and 4. Strain 5 was an aer obic, noti le rod which was difficult to
S stain by the Gram reaction , but electron micrographs of the bacterium showed

• S a wr inkled cell wall clearly indicat ing a Gram-negative organism. Polar mel-
S titrichous flagellation was observed. On the basis of the following tests ,

S the isolate was identified as a strain of PseudctTonas putida 20 : no polyhydroxy-
• butyrate accumulated ; positive fluores cent pigment ; negative phenazine pignent ;

no nethionine requiretent; no denitrification; no growth at 4°C or 41°C ; oxi-
dase positive; arginine dihydrolase positive ; ortho ring cleavage of proto-
catechuate21; no growth on geranio l, inositol , galactose , maltose , or trehalose
as carb on sources ; and growth on phenylacetate , glycine, sar cosine, glucose,

S X~f lose, and citrate . 
S

S In a preliminary experiii~nt , the cell yield of P. putida was directly
proportional to the AEP concentration in the range 0 to 5 tiN when AEP was the
only source of carbon , nitrogen and phosphorus. The Hepes buffer was neither
a carbon nor a nitrogen source ; noreover , orthophosphate was rot present in

S the buffer , salts , or AEP , and the level of nitrogen in the AEP-free medium
¶ was insufficient to support signi ficant growth when measured by turb idinetric S

S means .

To study the products of growth on AEP , cells of P. putida derived fran
a culture grown on this phosphonate were inoculated into fresh medium contain-

S ing 5 tiN AEP . Under these conditions, the turbidity increased exponentially,
and a lag phase was not detectable (Fig. ) .  Growth continusd until about
5.5 hr, as shown by increases in pro tein concentration. The ancinalous in-
crease in turbidity at 5.5 hr was not indicative of growth because a similar
increase in protein was not observed; this sudden rise in turbidity presumably
resulted fran the breaking up of the snail flocs of cells which were observed.
The release of annonitxn and phosphate into the medium was exponential and con-
ccxnitant with growth . The specific growth rate (indicated by protein concen-
tration ) was about the sane as the specific exponential rate of ania niiin or
phosphate release (p = 0.55 hr 1) .  The increase in the extracellular phosphate
concentration was 5 n~M , a level equal to the anount of AEP present initially.
This quantitative release of AEP-phosphorus as orthophosphate was expected
since only a low percentage of phosphorus would be incorporated into the cells
following cleavage of the C-P bond . The fluorin etric assay for AEP was inpr e-
cise but confirmed disappearance of AEP during growth .

Growth of P. putida on AEP was abolished in a medium containing 5 ‘iN phos-
phite at a pH of 7.2. In contrast , phosphite had no effect on growth with ace-
tate as the carbon source in a medium where 2 tiM phosphate was the phosphorus
source . Similar results have been obtained with Bacillus cereus22 .

Enzymic cleavage of the C-P bond. Cell- free extracts were prepared fran
cells of P. put ida which had been grown in media conta ining either 5 ‘iN M~ as S

sole source of carbon , nitrogen, and phosphorus or in 5 irM acetate-salts medium.
Extracts fran AEP-g iown cells catalyzed the release of phosphate fran AEP , the
specific activi ty being 180 to 230 nnol/min/mg protein. In contrast , acetate-
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gr~~n cells had no activity (< 1% of the level of AEP-gr~~n bacteria) . This
• 

• 
phosphonatase system is thus inducible, as observed in Bacillus oereus1-1.

Assays for phosphonatase involved measur~~ent of phosphate release , but
a second product was also found. When this product was incubated with alcohol
dehydrogenase in the presence of NAIl!, the coenzyme was oxidized. Hence, the
second substance was presumably acetaldehyde, the product of phosphonoacetalde-

S hyde phosphonatase. When pyruvate and pyridoxal phosphate were anitted in the S

assay for the phosphonatase, no phosphate was released . Plosphite (5 tiN) totally
inhibited phosphate release fran AEP. This enzyme system is apparently identi-
cal to that of La Nauze and Rosenberg11 and La Nauze et al. 12, trans~ nination S

S of AEP preceding cleavage of the C-P bond. The latter reaction is inhibited by
phosphite.

S 
La Nauze and Rosenbergll predicted that organisme other than Bacillus

cereus would use the system they elucidated. It is, IK*!ever, likely that at
least one nore system exists because Cassaigne et al.13 reported cleavage of
the C-P bond of 3-aminoprcpylphosphonic acid without prior reioval of the amino S
group. Furthe niore , our strain 11 utilizes ionic isoprcpyl nethylpiosphonate
as a phosp horus source , but this process is not abolished by plosphite , in
contrast with the system of La Nauze and Rosenberg 11 and La Nauze et al. 12~
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S I
S A culture of P. putida was gr~ an to stationary phase in Hspes medium

conta ining 5 irI4 AEP as sole a~~ed source of carbon , nitrogen, and phosphorus ,

and it was subcultured into fresh irmologous medium. Saiples for amcn iuii

S aDd phosp hate were analyzed.
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III. ~O~~~TI~V OF METhANE F~~~ METh’iPHC~PHCt~A’lES

INT1OtZJCTI~~

Organophosphorus pesticides are generally regarded as nonpersistent be-
cause of the susceptibility of phosphoesters to hydrolysis, even though the
fate of the phosphorus-containing break~~ in products in nature has rarely been
studied. These products, however, are possibly persistent and toxic1. We have,
therefore, examined the microbial metabolism of a particularly refractory type
of phosphorus-containing breakd~~n product , the ionic aBcylphosphonates. The
C-P bond in unsubstituted alkylphosphonates is highly resistant to chemical hy-
drolysis and photolysis , a property that is of envir ormienta l significance be-

S cause ccrnp ounds containing the C-P bond , such as nethyiphosphonic acid , have
S been found as terminal residues in plants and animals that were exposed to cer-

tain organophosphonate pesticides and nerve gases2’3’4 .

We present here the first direct evidence for the enzymatic cleavage of
the C-P bond of synthetic unsubstituted organcphosphonates. Previous evidence
for cleavage of the C-P bond of siiiple aliphatic ionic alkylphosphonates has
been only indirect ; i.e. , the observation that sate bacteria are capable of
using alkyiphosphonates as sole phosphorus sources 5, which pres umably indi-
cates uti lization of the phosphorus after it is released as orthcphosphate.
Fur themir ,re, the present data reveal the existence of a new biochemical path-

S way for the formation of methane , namely , via the aero bic cleavage of the C-P
bond of itethyiphosphonates. S

~~~fi3DDS

A bacterium capab le of growth with ionic nethyiphosphonate, isopropyl
methylphosphonate, or pinacolyl nethylphosphonate6 as sole phosphorus source
was isolated from the primary settling tank of a nunicipal sewage treabtent 10plant . The organism was identified as a strain of Pseuthionas testoste roni9’

Methylphosp honic acid and isopropyl nethy].phosphonic acid were pr~~ared
by Chemical Systems Laboratory, Aberdeen Proving Ground, Edgewood, M1. Pina-
colyl hydrogen nethyiphosphonate was prepared fran a crude salt mixture6 ~~~the resultant organic extract was purified by evaporative bflb-to-k*ilb distil-
lation. The infrared spectra for isopropyl hydrogen n~ thylphosphonate and di-
hydrogen nethyiphosphonate agreed with those published’, and th~ spectrum for

S pinacolyl hydrogen nethyiphosphonate agreed with published data . The struc- S

tures of the niethyiphosphonates were confinted by mass spectratetry.

Identifica tion of methane in headspace saixples was by coinjection with
authentic methane (99.9 percent) on a Perkin Elmer 3920B gas dwcznatograph
equipped with an FID detector and a subainbient W, accessory. S~ iples contain-
ing methane gave a single peak which cochr c*natogr~phed with authentic methane S

on a 1 in SS co1um~ (2 inn ID) packed with 60/80 nesh Durapak ylisocyanate
on poracil C) (Applied Science Lab oratorie ~) at 2°C and —90°C and on a 1.8 m SS
coluin (2 ‘tin ID) packed with 60/80 mesh 5A nolecular sieve (Linde , Keasbey , NJ)
at 20°C. The identity of tie peak was confirmed by using the n~1ecular sieve
colutn interfaced with a Finnigan 3300 quadrupole mass spect rcite ter (19 eV ioni-
zation energy) . Quantification of the metha ne in 200 je l headspace sanples was
by injection on the Durapak column at 2°C and carparison of peak heights with
those obtained fran methane standards .
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To detect 02, sanples of headspace at tie end of the incubation were in-
S j ected into an anaerobic atnosphere over colorless solutions of nethylene blue ,

and a blue coloration appeared. Injections of N2 caused no color change.

P. testosteroni was grown in 30 ml of liquid ‘tedium on an orbital shaker
at 29°C in 250 ml screw-cap glass bottles. The phosphorus-limited growth medium
(ER 7.4) contained 50 rrt4 tris buffer, 2.7 nf4 IC1, 0.8 1*1 ~~S04, 3.8 x~4
14 1IM Cad 2, 1 n, /l ferric anuoniun citrate 120 ng-aixii~/1 of the car&n source,
and 0.01 to 0.10 ntl of the phosphorus source in distilled water. T~e buffered
salts solution was autoclaved, and the sterile carbon and phosphorus sources
and the iron and calcium salts were added aseptically. Ifle cultures were seal-
ed with Mininert Teflon sampling valves (Applied Science Laboratori es), and sam-
ples of the headspace were analyzed for methane until tie concentration had
stabilized for several days .

RESULTS

p. testosteroni grew rapidly with orthophosphate , ionic nethyiphosphonate
or ionic iscpropyl nethyiphosphonate as the phosphorus source in a gluconate-

S salts tted U lfl . Growth tenninated within 24 or 48 hours, depending on the phos-
phorus concentration. During its growth, the psei*Im~nad catalyzed the aerobic
cleavage of the C-P bond, resulting in release of the ~~~sphorus-bound methyl
group as methane (table) . Cultures grown with phosphate as the phosphorus source
and either gluc~onate or 8-hydroxybutyrate as carbon source generated no methane.
Methane was released in anounts equizi~ lar with tie st.çplied phosphorus source in
cultures containing ionic nethylphosphonate or ionic isoprcpyl methy]phosphonate

S and the concentration of the methane then remained constant for at least 10 days.
The yield of methane fran cultures supplied with 3 wro l of ionic iscpropyl methyl-
phosphonate was the sane whether tie carbon source was gluconate, 8-l~ydroxybuty-
rate , or ~~hydroxyb enzoate, and the cultures were still aerobic at tie end of
growth. No methare was produced in uninoculated media contain ing 3.0 )-Inol of the
phosphorus sources.

Methane was also released when P. testosteroni grew with ionic pinacolyl
methylphosphonate as phosphorus source in a gluconate-salts medium, but the
yield was only about three-fourths of theoretical (table ) . The inai rplete re-
covery of the methyl group as methane may result fran the organism’ s inability
to use all optical iscners of ionic pinacoly l nethylphosphonate.

DISC1JSSICt~

Methanogenesis is generally considered as a process of strictly anaerobic
bacteria, with the carbon usually cxining fran but tines fm-n tie methYl
group of acetateil. l~e present study sI~~ s that methane can be den -wed fran
the cleavage of tie C-P bond by an aerobic bacterium. This cleavage process may
be either hydrolytic or reductive . lb date , the only characterized ~hospbonatase
is a hydrolase fran Bacillus cereus which cleaves 2-oxoethyiphospl~n~.c ~~id to
acetaldehyde and orthcphosphate’~ ii ,14~ ‘lie only previous rsport of the release
of an alicane or arene as a result of the cleavage of a heteroatat-c*rbon bond by
an aerobe is the reductive cleavage of alkyl— and aryl—nercuxy oi~pour.c3sl5’16.
Microorgani~~e are also kr~~vn to act on the carbon-arsenic bond of nethylarsonic
acid, a chemical an4og of nethylphosphonic acid, but in this instance tie prod-
uct released

20 
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The cleavage of tie C-P bond by P. teetosteroni represents a newly reported
catabolic patb~ay for methane formation in nature. ibreover, tie existence of
such a reaction in vitro suggests that the alkyiphosphonates may not aocuailate S

in soils or waters which are exposed to synthetic organophosphonates.

21 S 

S S ~~~~~~~~~~~~~~~~~ SS ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- ~~~~~~ _ 7 a ~~~’ ” -

H LIThRMURE CI’l~D

1. C. G. Daughton and D. P. H. Hsieh, Parathion utilization by bacterial sym-
F bionts in a chesostat, Appi. Environ. Microbiol., 34 , 175 (1977) .

2. F. C. G. Hoskin, Sane observations concerning the biochemical inerthess
S of nethyiphosphonic and isopropyl nethyiphosphonic acids , Can. J. Biochem.

S Physiol., 34 , 743 (1956) .

3. D. J . Ho~el1s , 3. L. Haithrook, D. Utley and J. Woodage , Degradation of
phosphonates. II. The influence of the 0-alkyl group on the break&~~n of
sane O-a]Jcyl nethylphosphonofluoridates in wheat plants , Pestic. Sci., 4 ,
239 (1973) . — 

S

S 4. A. Verweij  and H. L. Boter , Degradation of S-2-di-isopropylaininoethyl
0-ethyl nethylphosphonothioate in soil: phosphorus-containing products ,
Pestic. Sci., 7 , 355 (1976) .

5. A. U. Alam and S. H. Bishop, Growth of Escierichia coli on sate organophos-
phonic acids, Can. J. Microbiol ., 15, 1043 (1969) .

6. L. W . Harris, L. M. Braswell, 3. P. Fleisher and W. 3. Cliff , Metabolites
of pina colyl methyiphosphonofluoridate (scanan ) after enzymatic hydrolysis
in vitro , Biochen. Pha xmacxl., 13, 1129 (1964) .

• 7. Standard Infrared Pri sm Spectra , Sadt ler Research Laboratories , Philadelphia , S

1966, pri sm 421792 and 21806.

8. L. C. Thanas, The Identification of Functional Groups in Organophosphor us 
S

Cczxpounds , Academic Press , New York , 1974 .

9. R. Y. Stanier , N. 3. Palleroni and M. tbuthroff , The aerobic pseiñzronads: S

a taxncinic study, 3. Gen. Microbiol., 43, 159 (1966) .

10. A. J. Holding and 3. G. Collee, Routine biochemical tests, in, Methods in
Microbiology, 3. R. Norris and D. W. Rithons, Eds., vol. 6~, Academic Press,New York, 1971, pp. 1—32 . S

11. 3. G. Zeikus, The biology of nethanogenic bacteria , Bact. Rev., 41, 514
S (1977) .

12. 3. M. La Nauze and H. Rosenberg , The identification of 2-phosphonoacetal-
dehyde as an intermediate in the degradation of 2-aminoethyiphosphonate
by Bacillus cereus, Biochim. Bicçhys. Acta, 165, 438 (1968) .

13. 3. M. La Nauze, H. Rosenberg and D. C. Shaw, ‘lie enzymatic cleavage of the
carbon-phosphorus bond: purification and properties of phosphonatase.
Biochim. Biophys. Acta, 212, 332 (1970).

14. 3. M. La Nauze, 3. R. Coggins and H. B. F. Dixon, Aldolase-].ike Imine for-
mation in tie mechanism of cation of phosphonoa cetaldehyde hydrolase, S
Biochen. J. ,  165, 409 (1977) .

23 S



; 4
15. T. ~lèzuka and K. Tbxunura, Purification and properties of an enzyme cata- 

S

lyzing tie splitting of carbon-mercury linka ges fran mercury-resistant
Pseudca~nas K—62 strain, J. Biochem., 80, 79 (1976) .

16. W. 3. Spangler , 3. L. Spigarolli, 3. M . Rose and H. M. Miller, Methy]i~~rcury.
S Bacterial degradation in lake sedis~nts, Science, 180, 192 (1973) .

S 17. D. W. Von ~~ It , P. C. Kearney and D. D. Kau~nan, Degradation of nonosodiun
nethanearsonic acid by soil microorganisne, J. Agric. Pbod Cien. 16, 17
(1968) .

24



Table. ?rcd~rtion of Methane fran Methylplceplxmates by

Pse~ testosteroni

Phosphorus Methane
Phosphorus source supplied (iin~ 1) fom~~d (pnr l)

Ort hophosphate 3.0 0.0

Ionic nethyl~ x sphonate 0.30 0.29

1.0 1.0

F l  

3.0 3.2

Ionic isoprcpyl nethyiphosphonate 0.30 0.30

1.0 0.97

3.0 3.0

Ionic pinacoly l xnethylphosphonate 2.0 1.6

3.0 2.3
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IV. APPENDIX

Ai~LYSIS OF I~~IC A LPWDSPH~~ATES

S I . Esterified ionic alkylphosphonates

I~~ and P?4~ were analyzed by extractive/derivatization with diazc*nethane
(Daughton, C. G. , D. G. Crosby, R. L. Garnas and D. P. H. Hsieh, 3. Agric. Food

- S Chen. 24:236, 1976) follc*zed by gas d-iranatography using a flame phota~~tricdetector (GC-FPD) .

• A. Standards

Methylatad standards of isopropyl and pinacolyl hydrogen methyiphospho-
nates were prepared by adding appropriate voliznes of 1.0 ng/~ul stock standards
in ethyl acetate to 5 ml volui~ tric flasks. Several drops of methanol were
added follcMed by the dro~~ise addition of ethereal-ethanolic diazcznethane.
After 10 min, the excxss diazanethane was consimed by the dro~~ise addition of
1% formic acid/ethyl aostate, and methanol was added to volune.

Diazanethane was synthesized fran Diazald (N-methyl-N-nitroso-~ -to1i~ ne-
S 

sulfonamide) (Aldrich) using an Aldrich Diazald ktt (cat. No. Z10,025-0) , fol—
1a~ing the directions of tie manufacturer except that the distillate was col-
lected at -70°C (Caution: diazanethane is highly toxic and explosive) . The

S diazcxnethane was stable for several n~nths when stored at -20°C in an anter
glass bottle with poly-seal scre~~ap.

B. San~ les

‘i~ analyze bacterial cultures and supernatant fluids for IMP and PMP , 2
ml satples were added to 12 ml glass centrifuge tubes with Teflon-lined screw
caps. NaCl was added in excess of saturation follc~~d by 2 drops of 12.5 N
HC1; nitric acid may be better for this phase (see Blair , D. and H. R. Roderick,
3. Agric. Food Chen. 24: 1221, 1976) . ‘l~~ milliliters of ethyl aoetate/~nethyl-
ethylketone (1:1) was added and mixed by vortexing. Diazanethane solution was
added (ca . 0.5 ml) and carefully ‘vortexed . With a yellcM color persisting in
the organic phase, the organic phase was r~~oved with a Pasteur pipet and passed
over Na2SO4 (anhydrous ) into a 5 ml volunetric flask. ‘lie extractiorVderIvati-
zation was repeated , and the organic phases were pooled. Methanol was added to
volune .

C. Quantification 
S

A 2 iil syringe was used to inject derivatized sauples on one of t~~ col-
utri s: (a) 6 ft x 2 m id glass (tre ated with 5% Et’CS in tolune) packed with 5%
OV-210, 80/100 Gas Chr an Q and (b) 6 ft x 2 nm id glass (treated with 5% IIC S
in toluene) packed with 5% Carbow ax 2CM , 80/100 Gas Chrczn Q. To recbx~e tail-
ing, both colunns were vapor -phase deposited with 10% Carb owax 20M , 60/80 Chrai~-
sorb W , using tie technique of N. F. Ives and L. Giuffrid a , J. Assoc. Anal .Chen.
53:973 , 1970; this involved disconnecting tie co].unn fran the detector , adding
a 2-3 inch pack ing of CarbcMax 2CM/(1wcitosorb W to the silylated glass injector
liner and conditioning overnight (He , 10 ml’~nin; injector , 230°C; co].unn , 225°C) .
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A Perkin Eizrer 39208 gas chranatograph &juipped with a flame photcinetric
detector (FPD) (phosphorus filter ) was used. The operating parameters were :
colunn , 130—140°C; injector , 200°C; detector , 250°C; He, 30 ml/inin; air, 109
mlAnin; H2, 70 mi/mm .

D. Results

Recoveries for solutions fortified to final PMP concentrations of 2, 4, 6,
8 and 10 jiM were 92 , 92 , 91, 95 and 99%, respectively. Recoveries for solutions
fortified to final IMP concentrations of 2.5, 5.0, 7.5, 10 and 12.5 jiM were 84,
85, 89, 88 and 86%, respectively. The lowest analyzable concentration was alx)ut
0.15 jiM. Neither orthophosphate nor MP can be analyzed by this tedmiqtE of ex-
tractive/methylation.

S 

Using tie OV-2l0 co1ui~n (operation at 110° for 1 m m  and then progranmned
at 4°/m m to 135° ) gave relative retention times for dimethyl methylphosphonate,
trimethyiphosphate, O-isopro~~l 0-methyl nethylphosphonate, 0,0—diethyl ethyl-
phosphona te and 0-pina colyl 0-methyl inethyiphosphonate of 0.83 , 1.0, 1.13 , 1.68
and (3.05 , 3.23) , respective ly; tie methyl ester of pina colyl hydrogen methyl-
phosphona te gives t~~ peaks (i.e. , 3.05 and 3.23) with this program, probably
the result of its optical iscmners.

Using tie Carbowax 20 M colunn (operation at 125° for 1 mm and the pro-
gra nliEd at 4 °/min to 145°) gave relative retention tiies for dimethyl methyl-
phosphonate, 0-iscpropyl 0-methyl nethyiphosphonate, triinethylphosphate , 0,0-
diethyl ethylphospho nate and 0-pinacolyl 0-methyl nethyiphosphonate of 0.74 ,
0.74, 1.0 , 1.0 and 1.58, respectively.

II. Ionic nethyiphosphonate

MP was analyz ed by a tentative procedure of derivatizat ion of dried sam-
pies , forming the benzyl esters , followed by CX -FPD.

A. Derivatizing reagent

3-Benzyl-1-~-tolyltriazene (Aldrich) (BTr) reagent was prepared as a 0.1 M
solution in diethyl ether and stored at -20°C (Caution : BTP is a carcinogen) .
A precipitate fonne durinq storage , but this can be ignored .

B. Derivati zation

The sanpie was dried by either lyophilization or heat (since lIP is stable )
in a screw cap 2-dram glass vial . ‘lb the dry residue , 0.15 in]. BT~ reagent was
added , and the vial was then sealed with a Teflon-lin ed screw cap and the mix-

• ture refluxed at 70°C for 2. 75 h. One drop of 6.25 N HC1 was added to destroy
excess BTP and then 2 ml of Nael saturated water and 2 nil of ethyl acetate were
added . The mixture was shaken well for 30 s, and organic phase over Na2SO4(anhyd. ) was pipetted into a 10 ml voliznetric flask. The extr action was re-
peated , and the organic phases were pooled. The solution was brought to volune
with ethyl acetate and injected on GC-FPD using the OV-210 colunn .

C. Results

Using tie OV-2l0 cohmin and operation at 225°C (injector, 250°C) , the rel-
ative retention times for 0—isopropyl O-benzyl nethyiphosphonate, O-pinacolyl
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S O-benzyl nethylphosphonate and 0,0-clthenzyl nethyiphosp hate were 1.0 , 1.81 and
4.97 , respectivel y. Ort ~~phosp hate did not yield a peak. The reagent blank
gave a peak (3 x baseline) with about the same retention time as the benzyl
ester of IMP . The derivatization process was apparently independent of MP
being protonated.

A~~LYSIS OF AI~OHQLS

I. Isopropanol

S ‘fl~J o techniques were used for detection of isopropanol (IP) : (a) detection
by GC-f lame ionization (GC-FID) in direct aqueous injections and (b) detection
of the nitrous acid ester derivative in carbon disu].fide extracts .

A. Direct aqueous injection
S 

‘I~~ columns gave pranising results : (a) 6 ft SS, 2 ‘tin id (Teflon—lined )
packed with 100/120 Chratcsorb 101 and vapor-deposited with Carbowax 20 M, and
(b) 6 ft SS, 2 ‘tin id (Teflon-lined) packed with 80/100 Porapak QS.

S The first column (operated at 70°C for 1 mm and then progranmiEd at 32°/
min to 170° C) gave retention tines for methanol, ethanol and iscprcpanol of
3.35 , 4.35 and 5.0 m m , respectively (injector, 100°C; detector , 200°C ; He ,
35-60 m]~ nin). The limit of detectability for IP was less than 0.1 nf4.

S The second column , when operated isothermally at 170-200°C, separated neth-
- 

anol, ethanol and IP (retention time, 2 mm ) (injector , 230°C; detector, 250°C ;
He, 58 mi/min)

S When culture filtrates were injected onto the columns, interfering peaks
were encountered. In contrast to the first column , pinacolyl alcohol could
be chra natograp hed (2 50°C) and a retention time of 3 mm was obtai ned on the
seaxid coluti~. This column was less efficient than the first column.

B. Derivatization

The nitrous acid ester of IP , isopropylnitrite (IP-N) , was formed by the
following pro cedure. lb a 1.0-5. 0 ml samrp le of growth medium in a 15 in]. glass
Sorvail centrifuge tube were added 5 ml of 4.0 M NatO2 and 1 in]. of 2 N H
The tube was sealed with a polyeth ylene cap and vortexed. After 5 mm ,
of CS2 (spec . grade , Aldrich) was added , the tube was capped and extracted for
1 min. The organic phase was taken off into a 2 ml voluietric flask . The ex-

S traction was repeated, and the pooled organic phase was brought to volute with
S CS2. With scie sauples rich in protein , cent rifugation may be necessary to

separate the eanilsion. Using a 2 ~il syringe, injections were made on G~-FID
S 

using a 36 ft Teflon (F~P) colunn , 2 ‘tin id , packed with 12% 05-124 (polypheny l-
S ether, 5 ring) , 0 • 5% phosphoric acid , 40/60 thrat~sorb T (Note : Tie Teflon
S ferrules used for this coltmm will withstand carrier gas delivery pressures

only less than 50 psi and flow rates less than 45-50 m]./mnin.). The operating
parameters were: column, 150°C; injector , 150°C; detector , 200°C; N2, 40 mi/min.

S The retention tiies were 1.8 m m  for IP-N and 3.2-14 mm for CS2 and im-
purities . A control containing IMP gave no IP-N peak after derivatization.
IP was tentatively identi fied as a metabolite of DIP and a concentration of
approximately 0.4 nt4 IP was found in a culture fully grown on 0 • 5 1*1 IMP .
The detectable limit for IP-N was less than 0.1 nft.
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I

II. Pinacolyl alcohol (3 , 3-diiiethyl-2-butanol)

The determ ination of pinacolyl alcohol (PA) via formation of its nitrous
acid ester was not successful . Because of its lower volatili ty and higher
nm lecular weight, PA was also not amendable to analysis by direct aqt~ ous in-
jection . In contrast to IP , PA has a favorable partition coefficient fran water
into CS2; consequently , PA was analyzed by extraction with CS2 and detection
with GC-FID.

A. Analysis

The OC column used was 12 ft SS (2 ‘tin id) packed with 5% I~ GS (Stabolized) ,
80/100 Chrcmosorb W-HP. Operation at 80°C gave a retention time of 3.5 min for
PA and retention times of 1.0-2.5 min for various cxitronents of CS2. ‘lie opera-
ting conditions were: inject or , 160°C; detector , 160°C; He , 44.5 mi/ru in.

Sauples (5 ml) of supernatant fluids fran cultures of P. testostero ni grown
on various concentratio ms of Pt~~ or orthophosphate as phosp&rus source and adi—
pate as carb on source were introduced into 12 ml glass Sorvall centrifuge tubes ;
2.5 ml of CS2 was added to each tube, and the tubes were then sealed with poly-
ethylene caps and shaken for 30 s. The resultant enulsion was separated by cen-
trifugation at 18,000 rpn for 20 m m .  The organic phase was transferred to a
5 ml volutetric flask. The extraction was repeated , tie organic phases were
pooled and CS2 was added to volume.

For quantification, peak heights fran unknowns were carpared with peak
S heights fran culture media fortified to various concentrations with PA. For

- 
- O -~~ , the CS2 extracts were concentrated under nitrogen.

B. Besults

‘lie standard curve fran PA-fortified sanples (0.1-0.4 n1~1) was linear . The
limit of detectability (without preconcentration under N2) was 0.05 nt4. The
CS2 extract of all PMP-grown cultures gave a peak which cochranatographei with
PA; no peak was evident in orthophosphate-grown controls. Approximately 0 • 05
nt4 PA was detected in a culture grown with 0 • 1 nf~ PMP ; this represents 50% re-
lease of tie pinacolyl nm~iety fran tie PMP , and these data agree with the re-
sults obtained in sttxlies of methane release fran PMP (see above) . In addition,
when PMP-grown cultures were analyzed for residual Pu P , approximately 4 0-60% re-
mained. These results are evidence that the four optical isaters of PMP are
attacked at different rates.

The peaks fran sauples of PMP-grown cells were confirmed to be PA by G —MS .
The DEGS column was interfaced with a Finnigan 3300 quadrupole mass spectrcrLeter
and Syst~ u ’ s Industries data systen (coluin , 80°C; He, 15 m]Jmin) . ‘lie ness

S spectrum of PA ~~~~ values and relative intensities >8% ) : 39 (19.2) , 41 (71.2) , . 

S

S 43 (19.9) , 45 (60.4) , 56 (55.2) , 57 (100) , 69 (74.3) , 84 (12.8) , 87 (34.6) , M =
102 (2.4) . These results also show that 2 , 3-dimethy l-2-but anol was not present.
lie mass spectrum for the metabolic ally-formed PA agreed with that of authe ntic
PA (Aldrich) and with the spectr um published in the Begistry of Mass Spectral
Data (p. 97) .

METh3)LISM OF THE PBJ SPWJ NYL MDIETY OF M 1YLPa3SP~~~~1~S S

The mechanimu of release of tie methyl group frau ionic nethyiphosphonate
is presumably either reductive or hydrolytic. (~ tie one hand, hydrolytic
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S cleavage ~~uld yield either metap hosphate or orthcçhosphate fran the enzyme sur-
face. Mataphosphate s~ uld spontaneously hydrate to yield ort hopho sphate . On

- the other hand , reducti ve cleavage ~~uld produce phosphonic acid (phosphite) .

S A tentative procedure was examined for determination of phosphite by form—
ing phosphonic acid followed by reduction to phosphine and analy sis by GC-FPD•

S For tie analysis of phosphite, a 4.5 ml sauple was ad~~~ to a 20 ml culture
S 

the pH was adjusted to 0.7 with caic H2S04. Zinc dust was ~cWd, the
tube (in the hood) was inmediate ly sealed with a serum stopper and tie mixture
was vortexed (Caution : phosphine is highly toxic) . After 60 ruin , tie head spaoe
was sanpled with a gas-tight syringe (with sanpling valve) , and 100- 800 p1 sam-

S pies were injected on GC-FPD (phosphorus filter) e~jiipped with a 6 ft 55 ‘l~f ion-
lined (2 ian id) column packed with 100/120 Chraicsorb 101 (colunn, 80°C ; detec-

- tor, 200°C; injector, 100°C; He, 40 mi/ruin). Saupies with standard Na2HPO3.5H20
gave peaks which chranatographed with standard phosphfle (generated fran magnesium

S phosphide) . The retention time was 1.0 min. A seccz~ peak which occurs at 1.5
ruin disappeared as the reaction progressed. The limit of detectability using a
4.5 ml sauple with 15 ml Ieadspace (800 p1 injection) was 0.1 nt4.
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